Titanium nitride/hydroxyapatite functionally graded implant (TiN/HAP) was successfully fabricated by spark plasma sintering method (SPS) and their properties were investigated. The functionally graded materials (FGM) with the concentration from TiN at one end to HAP at the other were prepared by sintering at 1100 and 1200 C under the pressure of 150 MPa. The Brinell hardness was around H B 60, nearly uniform for the whole range of composition. After 2 and 8 week implantation in diaphysis of femur of rat, there was very little inflammation and the new bone was formed around the sample. By use of TiN instead of Ti, the decomposition of HAP during sintering process could be suppressed and the successful sintering of FGM and mechanical properties could be attained.
Introduction
Pure titanium, titanium alloys, and hydroxyapatite are used for the implant in dental clinics as the method to restore the mastication function of lost teeth. Hydroxyapatite (HAP), a main component of bone and teeth, has bioactive properties for new bone formation. [1] [2] [3] Most of these implants are composed of the same structure and materials for the whole part. The dental implant needs the different function from part to part since it penetrates into a jawbone from the inside of the mouth. Inside the bone, the implant material is required to have osseoconductivity so that the new bone can be formed quickly and attached directly to it (osseointegration). In oral cavity (outside the bone), the implant material is required to have enough mechanical strength to bear the occlusal force. However, most of dental implants have the uniform composition throughout from the upper to bottom. The implant receives the force as much as 600 N at occlusion, nearly about the patient's weight. Inside jaw bone, the uniform fixation of the implant by new bone formation which completely surrounds the whole surface of implant is desirable to have the sufficient strength endurable to the occlusal force and to have the stress relaxation effect, that is, release of the excess overload on jaw bone. Dental implant with functionally graded structure would satisfy these requirements, high bone affinity and relaxation effect. Thus, we have been developing the dental implant where the concept of a functionally graded material (FGM) was applied. Figure 1 shows the concept of FGM implant. As a typical example, the left end is 100%Ti and the right end is 100%HAP. If Ti content increases, mechanical properties would be improved and as HAP content increases, biocompatibility could be improved.
Titanium/hydroxyapatite functionally graded implant (Ti/HAP) has thus been developed using pure titanium, titanium hydride, and surface nitrided titanium as the starting titanium materials for sintering. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, HAP becomes unstable and decomposed under the coexistence of Ti which tends to act as reductant at high temperature. In Ti/HAP, the compromised optimum sintering temperature was found as 850 C where HAP is not decomposed. 15) However, at this temperature, sintering and mechanical intensity was insufficient. The use of more inert material, titanium nitride (TiN), would suppress the decomposition of HAP and enable the sintering at higher temperature. In this study, the TiN/HAP functionally graded implant was fabricated by Spark Plasma Sintering (SPS) and its mechanical properties and biocompatibility were investigated.
Materials and Methods

Preparation of FGM implant
The HAP powder which was crushed to pieces after sintered at 1150 C (SUMITOMO OSAKA CEMENT. <40 mm) and titanium nitride powder (NILACO Ltd. <45 mm) were blended with various ratios. These mixed powders with the different ratios of TiN and HAP were packed into the mold of 20 mm Â 10 mm, producing a gradient concentration from one end to the other to the depth direction. This TiN/HAP FGM was sintered under the pressure of 150 MPa at 900$1400 C by SPS. Figure 2 shows the appearance of SPS equipment. The sintered cylinder block was cut into the square rods for mechanical and animal implantation tests by the diamond disk, so that the composition gradient direction should be in the longitudinal axis.
Mechanical test 2.2.1 Brinell hardness test
The Brinell hardness test was performed in order to investigate the change of hardness in the direction of composition gradient. A steel ball with a diameter of 1.5 mm was indented under the load of 98 N for the loading time of 30 s. Three places were measured in each part of the eleven layers of gradient material, and their average was calculated.
Flexural test
The three point flexural test was done for the FGM rods (2 mm Â 2 mm Â 10 mm) with the gauge length of 10 mm and at the crosshead speed of 0.1 mm/min using the universal testing machine (INSTRON, Model 4204 ). Four specimens were tested and their average was calculated.
Compression test
The compression test was done for the FGM rods (3 mm Â 3 mm Â 7 mm) at the crosshead speed of 1 mm/min using the above universal testing machine. Four specimens were tested and their average was calculated.
Implantation test
Four Wister strain rats aged 14 weeks (weight 350$380 g) were used for the present experiments. After the rats were anesthetized with diethyl ether (Wako Pure Chemical Industries, Osaka Japan), pentobarbital sodium (30 mg/kg; EMBUTAL INJECTION, Dainabot, Osaka, Japan) was injected into the abdominal cavity of the rats. A hole was carefully made in the lateral surface of the diaphysis of femur using a dental round bur (1 mm), with a physiological saline external coolant, and the TiN/HAP FGM (1 mm Â 1 mm Â 7 mm) were inserted into bone marrow. The wound was then sutured. These rats were sacrificed at either the second or eighth week after implantation, and the tissue block involving specimens were resected. They were fixed in 10% neutral buffered formalin, washed, stained with Villanueva bone stain, and embedded in PMMA. After the tissue blocks were sectioned at 400 mm with a precision sawing machine (ISOMET 2000, BUEHLER, IL, USA), the thinner sections of about 100 mm in thickness were prepared by mechanical polishing.
Observation and analysis
Both FGM before implantation and in the tissue blocks involving specimens after implantation were observed and analyzed by optical microscopy (VANOX-S, OLYMPUS, Tokyo, Japan), SEM (HITACHI, S-2380N), electron probe micro analyzer (EPMA: JEOL JXA-8900M), and X-ray scanning analytical microscopy (XSAM: HORIBA, XGT2000V), and Raman spectroscopy (Dilor-Jobin YvonSpex-Horiba LABRAM).
Results
TiN/HAP FGM was fabricated by SPS at the temperatures 900$1400 C. For 900 and 1000 C the mechanical properties were insufficient to endure the mechanical shock at cutting process. For 1300 and 1400 C, the occurred after sintering, which was considered due to the decomposition of HAP. 15) The stable TiN/HAP FGM was obtained at 1100 and 1200 C. Figure 3 shows the SEM observation of TiN/HAP sintered at 1100 C, the whole view (upper) and enlarged photographs of these parts (a: TiN b: 20HAP c: 80HAP d: 100HAP). The image of the part at high concentration of TiN (a, b) showed the porous structure and inadequate sintering. Sintering in the part at high concentration of HAP (c, d) was relatively more advanced and produced the condense structure. Figure 4 shows the SEM observation of TiN/HAP sintered at 1200 C, the whole view and enlarged photographs of these parts (a: TiN b: 20HAP c: 80HAP d: 100HAP). Compared with the FGM sintered at 1100 C, sintering was advanced in each composition, although the sintering of 100%TiN region was still inadequate. Figure 5 shows the Raman spectrum from 100%HAP region. The peak appeared near 3550 cm À1 is attributed to OH À , which does not always appear in HAP. It suggests the attainment of good crystallinity. Figure 6 shows the elemental mapping of TiN/HAP FGM by EPMA. Since Ca and P, the elements constituting HAP, show the same manner of distribution, it is suggested that HAP was not decomposed. It was also noted that Ti and N were similarly distributed in gradient and inversely to Ca and P in concentration, which proves the successfully prepared graded structure. Figure 7 shows the Brinell hardness in each part of TiN/ HAP FGM. The Brinell hardness was around 60, nearly uniform for the whole range of composition. There was not much difference between the FGM sintered at 1100 and 1200 C. Figure 8 shows the flexural strength of TiN/HAP FGM. Flexural strength of the FGM sintered at 1100 C and 1200 C showed 65.4 MPa and 71.3 MPa, respectively. They were around the same level as a bone. The FGM fabricated at 900, 1000, 1300, and 1400 C was collapsed after sintering. Fabrication of Titanium Nitride/Apatite Functionally Graded Implants by Spark Plasma Sintering Figure 9 shows the compression strength of TiN/HAP FGM. Both FGM showed the value larger than 100 MPa. The FGM fabricated at 900, 1000, 1300, and 1400 C was collapsed after sintering. Figure 10 shows the light microscopic view of TiN/HAP implanted in the diaphysis of femur for 8 weeks in the transmission mode. Left side is 100%Ti and right side is 100%HAP regions. The cracks in 100%HAP were formed when the specimens were cut into slices for observation. The new bone was formed around FGM implant. 
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Wave number, /cm λ -1 specimen was more matured. The thin lamilar structure was observed in a newly bone around the HAP rich region due to the bone remodeling (d), which was not observed at the Ti rich region (c). Very little inflammation was observed throughout the implantation period of 2 and 8 weeks. Figure 12 shows the EPMA elemental mapping (Ca and Ti) of newly formed bone around TiN/HAP FGM after 8 week implantation. Inside the implant, Ca and Ti showed the gradient composition, complementary each other. The mapping of Ca, bone composition element, represents the formation of new bone around TiN/HAP FGM.
Discussion
Effect of SPS
The implant of simple substance, for example, HAP shows the high bone conduction. [1] [2] [3] However, there is a danger of fracture due to its brittle properties as dental implant when occlusal force is imposed. Ti implant has enough reliable mechanical properties. However, it takes more time until the formation of new bone after implantation, since bone conduction is inferior to HAP. In FGM which satisfies both bone conductivity and mechanical properties, it would be possible to lead a new bone to contact directly to implant material and to maturate from an early stage in root. In this study, TiN/HAP FGM was successfully fabricated by SPS.
FGM is produced by intermingling two or more kinds of metals, ceramics or polymers. The optimal sintering conditions are usually different for these components and the formation of simultaneous sintering is difficult. SPS can promote the efficient and uniform sintering by generating spark plasma between particles. This differs greatly from the conventional sintering using an electric furnace. Fabrication of stable Ti/HAP system FGM was limited up to Ti/ Ti30%HAP, since heating at 1300 C was necessary to make sintering by electric furnace heating and FGM for lager content of HAP such as Ti/100%HAP was not possible. 13 ) By use of SPS, heating temperature could be lowered due to the enhancement of sintering and it was possible to fabricate Ti/ 100%HAP. [13] [14] [15] [16] When pure Ti was used for FGM by SPS, 750 C was inadequate for sintering of Ti/HAP, but the selfdestruction occurred after sintering at 900
C and 1000 C due to the decomposition of HAP.
15) The compromising optimum sintering temperature was found as 850 C. 15) When TiN was used for TiN/HAP FGM, the temperature of 900 and 1000 C was insufficient to endure to the mechanical shock at cutting. At 1300 and 1400 C, the self-destruction of specimens occurred after sintering, which was considered due to the decomposition of HAP. The sintering temperature was thus set as 1100 and 1200 C.
Mechanical properties of FGM
Since the composition and structure are changed from part to part in FGM, evaluation of their properties is not simple, compared with the homogeneous material. The Brinell hardness test evaluates the hardness in each part of FGM. Compression and flexural tests evaluate the representive value of mechanical strength for the whole sample. Brinell hardness test is suitable to evaluate a complex with porosity which can be measured from the depth of indentation using a spherical steel ball as indented. The hardness of TiN was very high (Hv$1300) nearly ten times of Ti. 19, 20) In TiN region, sintering was inadequate and porous structure was observed by SEM (Figs. 3, 4) . This resulted in the uniform Brinell hardness for the whole range in spite of the gradient composition from TiN to HAP.
The specimens sintered at 1100 and 1200 C had the flexural and compression strength of the similar level as a bone. Both strengths are slightly more improved for 1200 C than 1100 C, although the hardness of each part is nearly the same for the FGM sintered at 1100 and 1200 C. The results of compression and flexural tests for FGM are very much affected by existence of weak part. Since the mechanical properties of FGM are not uniform, fracture tends to initiate from crack formation at the weakest part, usually in the part of high ceramic content where sintering is insufficient, porosity is high and brittleness is predominant. Therefore the results of compression and flexural tests are not necessarily consistent with the Brinell hardness test. The most influential part for strength for the whole specimen is the degree of insufficient sintering in the TiN rich part, since 1100$ 1200 C is still insufficient for sintering of TiN whose melting point is 2950
C. The sintering at 1200 C improved the strength of TiN part, which thus resulted in the increase of compression and flexural strength compared with that of 1100 C.
Bone conductivity
Ti and HAP are widely used in clinics, because of high biocompatibility and bone conductivity. The chemically stable properties of TiN, especially the excellent corrosion resistance which may be better than Ti, would contribute to its biocompatibility. [17] [18] [19] [20] Our previous study of implantation tests in the soft and hard tissue showed that TiN has the nearly equivalent biocompatibility as Ti and is suitable for the abrasion resistant implant which may be used for the abutment part of dental implant and the sliding part of artificial joint. 19, 20) In this study, the implantation experiment was conducted to observe the difference of the bone formation capability in each part of FGM. The rat femur was used for the implantation test since it is the largest space in rat for hard tissue which can hold a long specimen to compare the reaction for the composition from TiN to HAP in the longitudinal direction under nearly the same conditions. No inflammation was histopathologically observed on the surrounding of FGM in two and eight weeks after the direction and suture for implantation. EPMA elemental mapping was also performed for the analysis of hard tissue, where new bone formation was clearly recognized for the whole part around implant in Ca mapping. Theses confirmed that any part of TiN/HAP has biocompatibility. The further detailed observation by optical microscopy showed that the maturation of new bone was more advanced in the HAP rich region than in the Ti rich region. This suggests that a vital reaction in hard tissue changes in inclination in accordance to the inclination structure of material. 
Conclusions
